Teleost fish retinas grow throughout adult life through both cell addition and stretching. Cell division occurs at the periphery of the retina, resulting in annular addition of all cell types except rod photoreceptors, which are added in the central retina. Since many teleosts have a region of high cellular density at the temporal pole of the eye, we analyzed whether and how this specialized region of high visual acuity maintained its relative topographical position through asymmetric circumferential growth. To do this, we measured the pattern of long-term retinal growth in the African cichlid Haplochromis burtoni. We found that the retina expands asymmetrically along the nasotemporal axis, with the nasal retina growing at a higher rate than the temporal, dorsal, or ventral retinae, whose growth rates are equal. This nasotemporal asymmetry is produced via significantly greater expansion of retinal tissue at the nasal pole rather than through differential cell proliferation. The mechanisms responsible for this differential retinal enlargement are unknown; however, such asymmetric expansion very likely minimizes disruption in vision during rapid growth.
nasal poles (Fernald, 1983) . Images are focused onto this temporal region of high cellular density (RHCD) (Kahmann, 1936; Fernald, 1983; Collin and Pettigrew, 1989) by the movement of a spherical lens along the nasotemporal axis in the pupillary plane (Fernald and Wright, 1985) . This specialization is analogous to the cone-rich fovea or area centralis present in eyes of many vertebrate classes (Walls, 1942) . Since visual acuity is absolutely limited by the physical spacing of the cone photoreceptors, the temporal retina represents that part of the visual field with greatest resolution. However, new cells are continually being added at the outermost edge of the retinal margin, which would move this RHCD centrally as the eye grows.
How is this area of specialization constructed and its position maintained during continuous growth of the adult teleost eye? Several investigators have hypothesized that asymmetric growth might maintain the relative location of the RHCD. Easter (1992) , using retrograde labeling of generations of ganglion cells, inferred such asymmetric growth along the nasotemporal axis in several foveated species. How asymmetric growth is regulated and how differential growth is carried out at the retinal margin are unknown. Three possible processes for differential growth are cell division, cell death, and expansion or stretching (Easter, 1992) . Since we know that apoptosis does not play a role in retinal growth of H. burtoni (Hoke and Fernald, 1998) , the two candidate mechanisms for asymmetric retinal growth are cell proliferation and stretching. The addition of more cells at the nasal pole and relatively fewer at the temporal pole would prevent the temporal area of specialization from shifting centrally as eye size increased. A study which measured retinal growth directly in the green sunfish Lepomis cyanellus reported preferential cell addition in ventral retina and progressively less in nasal, dorsal, and temporal retina (Cameron, 1995) . However, it was not clear how such a pattern of cell division could lead to the maintenance of an RHCD at the temporal pole of the eye.
To analyze asymmetry during continued teleost retinal growth, we labeled newly divided cells to map marginal growth in H. burtoni retinae. Our results indicate that the nasal pole enlarges at a significantly greater pace than the temporal, dorsal, or ventral poles, although the number of cells added is approximately equal at each margin. This demonstrates that preservation of the RHCD is due to a faster rate of expansion at the nasal pole of the eye.
MATERIALS AND METHODS

Animals
All experiments were performed with adult Haplochromis burtoni, an African cichlid fish. Animals were derived from wild-caught stock and raised in laboratory aquaria in conditions similar to those of their native equatorial habitat in Lake Tanganyika (26 Ϯ 1°C; pH 7.8; 12:12 h light/dark cycle), as described by Fernald and Hirata (1977) . Following 50 -290 days of survival after treatment (described below), fish were sacrificed by rapid cervical transection and the eyes were collected for analysis. All procedures were in accordance with the National Institutes of Health protocol for animal experimentation.
Labeling of Newly Added Retinal Marginal Cells
To measure long-term retinal growth, we labeled newly produced marginal cells at two times. Animals (total n ϭ 13) were injected intraperitoneally with the thymidine analog 5-bromo-2Ј-deoxyuridine (BrdU; Sigma) in 1 M phosphate-buffered saline (PBS). Animals received 10 L/g body weight of a 30-mg/mL solution of BrdU. Injections were administered immediately prior to the onset of the dark cycle to allow maximal BrdU uptake, since retinal cell division increases at night (Chiu et al., 1995) . After variable survival times (50 -290 days), a second injection was given the night before sacrifice to label new retinal cells at the margin.
Annuli of BrdU labeling were analyzed both in retinal whole mounts and sections. One eye from each fish (n ϭ 6) was prepared for whole-mount processing. The lens and cornea were removed, and eyecups were fixed in 4% paraformaldehyde in PBS for 7 days. To preserve the orientation of the eye through subsequent processing, distinguishing cuts were made at the nasal, temporal, dorsal, and ventral poles of the eye according to the body axes of the intact animal, using the distinct pigmentation of the dorsal scleral hemisphere as a landmark. Under a dissecting microscope, the sclera, choroid, and optic nerve stump were then removed, and four additional radial relaxation cuts were made. The retina was mounted flat with the pigment epithelium down, and the iris connected to each retinal flap was carefully trimmed away.
One or both eyes from each fish (n ϭ 7) were prepared for sectioning by removing the lenses and immersing eyecups in 70% ethanol for 15-25 min to denature the DNA. The eyecups were fixed in 4% paraformaldehyde for 4 days and then transferred to 30% sucrose for a minimum of 8 h. To obtain long-term growth data at all four retinal poles, left eyes were sectioned along the nasotemporal axis, while right eyes were sectioned along the dorsoventral axis. Tissue was sectioned at 20 m on a cryostat and sections transferred to poly-L-lysine-coated slides.
Orientation of the Ocular Globe
The relationship between retinal growth and continued retinal function is critical. Study of this requires an understanding of where and how the retina enlarged during growth relative to the axis of primary vision. To establish this relationship, we used a method of relating ocular landmarks to the axis of vision. In H. burtoni, previous measurements have shown that focusing of the image occurs via lens movement within the plane of the pupil, along the optical axis in the horizontal plane (Fernald and Wright, 1985a,b) . The horizontal plane of the ocular globe is identifiable in animals of all sizes because the dorsal hemisphere of the sclera is heavily pigmented, providing a clear demarcation between the dorsal and ventral hemi-globes. Eyes for sectioning were positioned in embedding medium carefully using this landmark so that all measurements could be related to the critical optical axis of the eye. Similarly, for whole-mounted retinae, we used this line of demarcation to orient the eye for preparation and, ultimately, for our measurements.
Immunohistochemistry
Immunolocalization of BrdU in whole-mounted tissue was carried out according to the procedure of Cameron (1995) with the following modifications. After washing in PBS with 0.3% Triton-X100, the tissue was immersed in 4N HCl in 1% Triton-X100/PBS (PBS/TX) for 40 min. The tissue was blocked in 10% normal rabbit serum in PBS/TX for 45 min and then incubated in 10% anti-BrdU rat monoclonal antibody (Accurate Chemical) in PBS/TX with serum for 24 h. Following washes, the tissue was incubated in 1:200 fluorescein-conjugated anti-rat secondary antibody (Vector) in PBS for 3 h. Tissue was washed in PBS and mounted in glycerol/PBS for analysis by epifluorescence and confocal microscopy.
Immunostaining for BrdU in sectioned tissue was performed using a similar protocol to that described above. Following HCl treatment, the tissue was blocked in 10% normal goat serum in PBS/TX with 1% dimethylsulfoxide (DMSO). Sections were incubated in 10% anti-BrdU rat monoclonal antibody in 0.3% Triton-X100/PBS/0.5% bovine serum albumin (BSA) (PBT) for 24 h. Following washes, the sections were incubated for 80 min each in secondary [1:50 goat anti-rat IgG (Jackson Labs) in PBS/TX with 1% DMSO] and tertiary [1:400 peroxidase anti-peroxidase (Jackson Labs) in PBS/TX with 1% DMSO] antibodies. Staining was visualized with diaminobenzidine (DAB; Sigma) and nickel chloride enhancement. Tissue was dehydrated and mounted in Permount (Fisher Scientific) for analysis by light microscopy.
Immunolocalization of 9C1, a cone cell-specific antigen (Hagedorn et al., 1998) was carried out in whole-mounted tissue which had previously been stained with anti-BrdU as above. After washing in PBT, the tissue was blocked in 5% goat serum in PBT for 12 h and then incubated in 1:10 9C1 monoclonal antibody in PBT with serum for 48 h. Following washes, the tissue was incubated for 18 h each in 1:200 biotinylated anti-mouse secondary antibody (Vector) in PBT and 1:100 Texas red avidin tertiary antibody (Vector) in PBS. Tissue was washed in PBS and mounted in glycerol/ PBS for analysis by epifluorescence and confocal microscopy.
Analysis of Growth and Cell Proliferation
To obtain measurements of BrdU-delimited annuli of growth, retinal cross sections and whole mounts were visualized using light and epifluorescence microscopy (Zeiss Axioskop). Images were captured using a video camera and image processing software (NIH Image 1.51, W. Rasband). Growth was measured at the nasal, temporal, dorsal, and ventral poles by calculating the linear distance from the pulse-label of BrdU-immunoreactive cells in the central retina to the new retinal margin. In sectioned tissue, measurements were made along the inner nuclear layer since it provided the most robust staining. To analyze dorsoventral sections from the center of the eye, sections adjacent to the optic nerve on the nasal side were chosen since the optic nerve exits the eye farther toward the temporal pole. Three to 10 sections were measured per eye in both the nasotemporal and dorsoventral planes. These three to 10 measurements were then averaged for each pole. In whole mounts, measurements were taken on both sides of each cut at a particular pole and averaged.
To determine whether asymmetric growth was due to cell addition or stretching, whole mounts were visualized using laser confocal microscopy (Molecular Dynamics MultiProbe 2101 Laser Scanning Confocal) and accompanying image analysis software (Molecular Dynamics ImageSpace). Images at multiple depths of view (3-8 optical sections/ region) were processed and analyzed using Photoshop 4.0 (Adobe). Since the density of all neuronal cell types in the retina except rods covary (Fernald, 1983) , we counted cone cell photoreceptors as representative to determine the number of cells added at the margin at the nasal and temporal poles. Cone cell counts were obtained by using either the autofluorescence of the cone outer segments, which appeared as a mosaic under rhodamine excitation, or cone antibody staining (described above), in which the cone mosaic appeared more clearly. Each region (at 20ϫ with a 1.3-or 0.6-m pixel size) consisted of the one (central) or two (distal and proximal) fields of view encompassing the retinal tissue between the BrdU-immunoreactive cells at the nasal and temporal poles. The number of cones lying along a trajectory between the BrdU annuli was counted.
Statistical Tests
Statistical tests were performed using JMP software (SAS Institute).
RESULTS
Double pulse-labeling produced two concentric rings of BrdU-positive cells in each retina. One ring was positioned at the retinal edge at time 1 and the second at the retinal edge corresponding to time 2. We made two kinds of measurements on these BrdU-labeled retinae. First, we measured the distance between the two rings of label to provide an absolute measurement of the linear magnitude of the retinal growth at the major poles of the eye (nasal, temporal, dorsal, and ventral). Second, we counted the number of cones along a radial annulus at the major poles of the eye to discover whether new cells were added asymmetrically at the retinal margin.
Change in Retinal Dimensions
For all sectioned and whole-mounted retinas examined, the distance between the rings of newly labeled cells in the nasal retina was on average 1.8 times greater than that in the temporal retina (Fig. 1) . This means that the nasal retina expanded linearly nearly twice as fast as did the temporal retina.
Growth between the times (times 1 and 2) when new cells were labeled was measured in retinal sections along a radial trajectory between the concentric annuli of BrdU-labeled cells. Retinal sections in two orthogonal planes (nasotemporal and dorsoventral) were analyzed. In each case, 3-10 sections/sample were measured and the distances between labeled rings were averaged. As shown in Table 1 , the distance at the nasal pole (N) was always larger than that at the temporal pole (T). The N/T ratio ranged from 1.4 to 2.0 with an average of 1.7. In contrast, measurements of the distances between labeled rings of cells in dorsoventral cross sections revealed that temporal, dorsal (D), and ventral (V) were approximately equal (Table 1) . On average, the D/T and V/T ratios were both 1.1.
Whole-mounted retinas were measured along a trajectory between BrdU-positive annuli. Both sides of the orienting cut at each pole were measured and the two values were averaged (Fig. 1) . The N/T ratio ranged from 1.4 to 2.3 with an average of 1.9 (Table  2) . Measurements of T, D, and V were approximately equal (Table 2) . On average, the D/T and V/T ratios were both 1.0. 
Difference in Number of Cells Added at the Retinal Margin
The absolute number of cells added at the nasal and temporal margins of the retina was not different (Table 3). Since the same number of cells was added to a much larger area, there was a striking difference in the cross-sectional area of cone photoreceptors and in their increased intercellular spacing in the nasal pole as compared with the temporal pole (Fig. 2) .
Using both cone autofluorescence and cone antibody staining, cone photoreceptor cells were counted along independently measured trajectories between BrdU annuli at the nasal and temporal poles. In each case, three to eight optical sections were measured and averaged per sample (Table 3 ). The N/T distance ratios ranged from 1.4 to 1.8 with an average of 1.6. The number of cones in N trajectories were similar to the number of cones in T trajectories: N/T cell number ratios ranged from 1.0 to 1.1. This N/T cell ratio, with an average of 1.1, was significantly different from the N/T length ratio (average 1.6) (p ϭ .0011, paired t test). These data are graphically displayed in Figure 3 . Cell counting was also performed in some samples at D and V poles; the V/T and D/T ratios for those eyes averaged 1.1 and 0.9, respectively (not shown).
DISCUSSION
There are two major findings from these experiments. First, retinal expansion during adult growth in H. burtoni is greatest at the nasal pole. Second, this retinal enlargement is due to differential expansion of existing tissue rather than differential cell addition. In some cases, retinal tissue at the nasal pole enlarged twice as much as the temporal pole. Furthermore, the dorsal, ventral, and temporal poles grew approximately equally so that differential enlargement was restricted to the nasal pole of the eye. This asymmetry along the nasotemporal axis allows H. burtoni eyes to maintain their temporal RHCD throughout life, even in the face of rapid growth. Through greater expansion at the nasal pole, the region of highest acuity at the temporal pole can retain its position relative to the axis of view. Moreover, by growing more in the nasal than temporal quadrant, a relatively large amount of overall retinal growth is shifted to a region of the eye that perhaps captures less important vistas, possibly minimizing disturbance of visual perception as the eye enlarges. Cameron (1995) reported asymmetric growth in the retina of the green sunfish (Lepomis cyanellus), Mean values of the distance between rings of labeled retinal cells from retinal cross sections. Nasotemporal and dorsoventral retinal cross sections of fish pulse-labeled with BrdU were immunostained with anti-BrdU. Distances between BrdU-labeled rings were measured at each pole and averaged. "Fish ID" is the animal measured, "Survival" is the number of days between first BrdU injection and second BrdU injection/sacrifice. "Nasal," "Temporal," "Dorsal," and "Ventral" pole measurements between BrdU annuli are in micrometers. "N/T Ratio" indicates the ratio of nasal to temporal measurement for each fish. which, like H. burtoni, has a greater cone planimetric density in the temporal retina. In striking contrast to our findings in H. burtoni, however, Cameron reported less asymmetric enlargement, found it concentrated in a different locus, and attributed it to different mechanisms in L. cyanellus than our data suggest. Specifically, sunfish retinal growth was reported to be greatest in ventral retina and sequentially less in nasal, dorsal, and temporal retina, whereas we found a difference only along the nasotemporal axis. For L. cyanellus, the maximal difference between the nasal retina and the temporal retina was about 1.3, in contrast to the nearly twofold difference found in H. burtoni. Finally, Cameron attributed the asymmetric growth in the sunfish to differential cell addition, whereas in H. burtoni it is clearly due to differential enlargement of the extant retina. What might account for the diametrically opposite findings in these two studies? The reported differences in location and numbers of cells added between this study and that of Cameron (1995) may be a consequence of the techniques used for determining the axes along which to measure change in retinal size. As noted above, we oriented the eyes of all animals regardless of size so they had a fixed relationship to the optical axis of the eye. This allowed us to compare reliably the measurements taken from animals of significantly different sizes. In contrast, Cameron used a whole-mounting protocol, taking as measurement axes a tangent drawn along the optic nerve head and the embryonic fissure that extends from it. The embryonic fissure is a seam in the retina, remaining from embryonic development when a sheet of cells folded to form the eyecup (e.g., Easter, Number of cones along measured nasal and temporal trajectories in whole-mounted retinas. Trajectories between BrdU annuli in whole-mounted retinas were measured at nasal and temporal poles, and the number of cones lying along each trajectory was counted. "Fish ID" refers to the fish eye analyzed in each case. "Nasal cells" and "Temporal cells" indicate the number of cells counted between annuli for these specific trajectories. "N/T Length Ratio" is the ratio of nasal trajectory length to temporal trajectory length. "N/T Cell Ratio" is the ratio of nasal cells counted to temporal cells counted.
Figure 2
Density of cones in arrays is higher in temporal than in nasal retina. Red and green cones were labeled using the 9C1 antibody and visualized using fluorescent immunohistochemistry (see Materials and Methods). The retina was flat-mounted and laser confocal photomicrographs taken at identical magnification at (A) nasal and (B) temporal poles. Bar ϭ 60 m.
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). This fissure becomes more curved as the retina grows, changing its location and orientation within the ocular globe. As a consequence, the axes used in Cameron's study were possibly different, depending on animal size due to shifting orientation and location of the fissure during growth. Thus, the asymmetric growth may have been measured relative to axes that changed as an unknown function of eye size. This may help explain why the growth pattern reported by Cameron did not seem to allow the preservation of a region of high relative cell density at a fixed location on the retina independent of body or eye size.
Using intrinsic optical and body axes that are fixed throughout life, we suggest simply that dorsal and ventral retinal tissue enlarge equivalently and that asymmetric expansion occurs only at the nasal pole, serving to preserve the integrity of the temporal pole. We observed no variation in growth among the temporal, dorsal, and ventral poles.
Since there is no evidence of apoptosis in H. burtoni retinae (Hoke and Fernald, 1998) , asymmetric enlargement could be achieved through cell addition, stretching of extant retinal tissue, or some combination of these mechanisms. Cameron's (1995) study reported that asymmetry was achieved by differential cell addition rather than differential stretching based on counting cells along radial axes of the flattened retina. In contrast, our data show that enlargement in H. burtoni retinal tissue is due to differential expansion rather than differential cell addition. One consequence of this stretching can be seen in the larger cones and cone photoreceptor arrays in the nasal pole of the retina [ Fig. 2(A) ] compared with those at the temporal pole [ Fig. 2(B) ]. This differential expansion is also consistent with a nonuniform distribution of rod precursor cell division throughout the central retina, with greater cell division at the nasal than temporal pole, as previously described (Kwan et al., 1996) . Because mature rod photoreceptors exhibit constant density across the retina, greater expansion in the nasal retina must be accompanied by preferential rod cell addition in nasal retina. Whether the rods are added asymmetrically in anticipation of preferential expansion in the nasotemporal plane or additional rods are added to compensate for the expansion is an intriguing question.
How might differential retinal expansion be produced? In other vertebrates, changes in the size and shape of the ocular globe has been shown to be controlled via visual input pathways (Wallman et al., 1987; Schaeffel et al., 1988; Wallman, 1993) . Alternatively, there may be local control via a diffusible factor available only at the nasal pole. We found nasotemporal asymmetry to be greater in fish with shorter survival times. Longer survival times yield a slightly lower nasal to temporal ratio of asymmetry. This may be a result of an attenuation of nasal stretching toward the central retina, which is consistent with the findings of Kwan et al. (1996) showing that the outermost 350 m of the retina had the greatest asymmetric distribution of rod precursors.
Asymmetric retinal expansion may have been selected over evolutionary time to fine-tune retinal structure for uncompromised visual function during growth in this animal (Fernald, 1985) . Discovering the mechanisms through which such asymmetric growth is controlled will require understanding local and global factors that potentially act in this process.
Figure 3
Histogram showing the ratio of distances measured between BrdU annuli at nasal (N) and temporal (T) poles (black bars) and the ratio of number of cones counted along a straight line trajectory between annuli at N and T poles (gray bars) for each fish. The N/T cell number ratio is not different from 1 ( p Ͻ .05, t test), meaning that the same number of cells is added to the nasal and temporal poles for all of our experimental animals. In contrast, the N/T length ratio is significantly greater than 1 ( p Ͻ .005, t test), meaning that the nasal pole expansion is greater than the temporal pole expansion.
